Background: Exposure to prenatal tobacco smoke (PTS) has been associated with a number of health outcomes in the offspring, including some childhood cancers. Lower levels of genomic DNA methylation have also been associated with several types of cancers. We investigated whether PTS was associated with global DNA methylation levels in the offspring.
Introduction
Intrauterine exposures impact health throughout life and have been associated with several cancers including breast cancer (1) . Prenatal tobacco smoke (PTS) exposure has been associated with increased risk of disease in the offspring including respiratory illness, type 2 diabetes, cardiovascular disease, and some childhood cancers (reviewed in refs. 2, 3) .
DNA methylation is one type of epigenetic change which has been observed in aging, respiratory and autoimmune conditions, and cancers including breast cancer (4) . Genomic DNA demethylation is associated with lower levels of methylation and increased mutation rates in animal models (5) and may contribute to carcinogenesis through promotion of chromosomal instability, activation of oncogenes and/or transposable elements, and loss of imprinting (6) . Genomic DNA demethylation has been observed in chronic lymphocytic leukemia, multiple myeloma, and breast, ovarian, gastrointestinal, colorectal, prostate, head and neck, and bladder cancers (reviewed in ref. 4) .
One measure of genomic DNA methylation is measurement of methylation of repetitive elements [including long interspersed nuclear elements (LINE), satellite repeats (e.g., satellite 2), and short interspersed nuclear elements (SINE)]. These repetitive elements account for approximately 45% of the genome (7, 8) , and up to 80% of CpG dinucleotides exist in repetitive elements and CpG islands. Genomic DNA demethylation of these sequences has been observed in cancer cells (9) , and methylation of repetitive elements including LINE-1, satellite 2 (Sat2), and Alu has been used as a proxy for measuring genomic DNA methylation changes. Sat2 demethylation has been observed in several cancers including extrahepatic cholangiocarcinoma, hepatocellular carcinoma, and ex-adenoma carcinoma of the large intestine (10) (11) (12) . In one study, the authors reported that tissue from cirrhotic and hepatic livers had lower methylation levels than normal liver tissue and that tissue from hepatocellular carcinoma had the lowest methylation levels (12). Cho and colleagues observed an association between genomic DNA demethylation of the Sat2 repetitive element and breast cancer (13) .
There is mounting evidence that PTS has a persistent impact on DNA methylation throughout life. A study recently observed a persistent impact of PTS on DNA methylation of the brain-derived neurotrophic factor-6 exon, with altered methylation patterns observed in adolescents who were exposed to PTS (14) . Another study reported that exposure to PTS was associated with lower levels of Alu methylation in DNA from kindergarten and first-grade children (15) . We previously reported a positive association between PTS and genomic DNA methylation in granulocytes using the methyl acceptor assay (16) . Here, we investigate other measures of genomic DNA methylation using data from the same multiethnic birth cohort.
Methods

Study population
We used epidemiologic data and blood samples from members of the New York Women's Birth Cohort, a follow-up of female participants in the New York site of the National Collaborative Perinatal Project (NCPP; refs. 17, 18). All participants were born at Columbia Presbyterian Medical Center between 1959 and 1963. Detailed information was collected prospectively during the prenatal period, childbirth, and through age 7. The New York Women's Birth Cohort adult follow-up was initiated in 2001. Of 841 eligible women, we traced 44.5% (n ¼ 374) and 70.1% (n ¼ 262) completed the epidemiologic questionnaire. The study was approved by the Institutional Review Board at Columbia Medical Center.
Early life data
At enrollment in the NCPP study, mothers provided information about age, parity, smoking, race, height, prepregnancy weight, and maternal and paternal education, occupation, and income that were used to calculate a socioeconomic status (SES) score. Birth weight was obtained within 1 hour of delivery and birth length was measured crown to heel within 24 hours of delivery according to a standardized protocol. Child body size was measured during study visits at birth, 4 months, and 1 and 7 years; calculation of change in percentile rank is described in our previous work (19) .
Adult data
Women self-reported height, weight, health conditions, first-degree history of breast cancer, age at menarche, parity, hormone use, alcohol intake, and a detailed personal history of smoking and exposure to environmental tobacco smoke (ETS) exposure at home during childhood (child ETS).
Blood collection
Ninety-two (35%) participants completed the blood portion of the study (16) . There were no statistically significant differences in demographic (age, race, and SES), prenatal [maternal age, prepregnancy body mass index (BMI), pregnancy weight gain, pregnancy smoking, and infant and child anthropometry], and adult (parity, alcohol intake, and smoking and oral contraceptive use) measures between women giving and not giving blood specimens. Samples from 90 participants had sufficient DNA for analysis.
Methylation assays
Repetitive element methylation was assessed in granulocytes from peripheral blood cells. All assays were conducted blinded to exposure and outcome data.
DNA extraction and bisulfite treatment. Genomic DNA was extracted from granulocytes by a salting out procedure. Aliquots of DNA (500 ng) were bisulfite treated with the EZ DNA Methylation Kit (Zymo Research) to convert unmethylated cytosines to uracils whereas leaving methylated cytosines unmodified. The DNA was resuspended in 20 mL of distilled water and stored at À20 C until use. MethyLight assay. We used the sequences of probes and forward and reverse primers of LINE1-M1, Sat2-M1, and Alu-M2 described by Weisenberger and colleagues (20) . Standard curves for the AluC4 repeat control reaction were generated from 1:25 serial dilutions of bisulfiteconverted CpGenome universal methylated and unmethylated DNAs. Assays were run on an ABI Prism 7900 sequence detection system (PerkinElmer). The interassay coefficients of variation (CV) based on duplicate threshold cycle measures were 0.8, 0.6, and 0.9 for LINE-1, Sat-2M1, and Alu-M2, respectively.
Universal methylated DNA served as a methylated reference, and an Alu-based control reaction (AluC4) was used to measure the levels of input DNA to normalize the signal for each methylation reaction. MethyLight data specific for the repetitive elements were expressed as a percentage of methylated reference (PMR) values (21) .
Each MethyLight reaction was conducted in duplicate and the PMR values represent the mean. Intra-and interassay coefficients of variation in the threshold cycles (C t ) of a pooled quality control sample were 1.2% and 1.9%, respectively, showing good reproducibility. The percentage of methylation value is based on 4 C t values using the formula: PMR ¼ 100% Â 2 exp À[DC t (target gene in sample À control gene in sample) À DC t (100% methylated target in reference sample À control gene in reference sample)]. This results in CV in percentage of methylation with laboratory values of 25.2% for samples run on the same day and 28.5% for samples run on different days.
Statistical analyses
We excluded repetitive element methylation measures that were greater than 3 SDs from the mean (n ¼ 3, 2, and 1 for Sat2, Alu, and LINE-1, respectively).
We used ANOVA to assess the bivariable associations between PTS and child ETS (any vs. none) and adult smoke exposure (never, former, and current), and other early life and adult variables and Sat2, Alu, and LINE-1 methylation. We report repetitive element methylation in PMR. Because repetitive element methylation was not normally distributed, we transformed the outcome variables (PMR values of Sat2, Alu, and LINE-1) by taking the natural logarithm. The P values reported are for logtransformed methylation.
We investigated the association between PTS and methylation and added child ETS and then adult smoke exposure to the model. To test confounding of the association between PTS and methylation, we added potential confounders (maternal race, family SES at registration, maternal and paternal age at registration, maternal prepregnancy BMI, and maternal weight gain during pregnancy) to the models and examined whether the point estimate for PTS changed by more than 10%. We also examined potential mediation of the association between PTS and methylation by adding selected covariates that occurred temporally after PTS (birth weight and birth length, weight and height percentile rank changes, birth order, age at menarche, BMI at interview, parity, age at first fullterm pregnancy, oral contraceptive use, menopausal status, and first-degree family history of breast cancer) individually and observing whether they changed the point estimate on PTS and each repetitive element by more than 10%. We replicated the final Sat2 models using Alu and LINE-1 as the outcome. All analyses were conducted using SAS 9.2.
Results
Participants were on average 43.6 years of age (SD ¼ 1.9) at blood draw. Thirty-two (36.0%) participants were exposed to PTS. In bivariable analyses, PTS was associated with a lower level of Sat2 methylation; however, the association was not statistically significant (see Table 1 ). Birth order was significantly associated with Sat2 methylation; women who were at least fourth-born had higher levels of Sat2 methylation (see Table 1 ). Current smokers had nonsignificantly lower levels of Alu and LINE-1 methylation than former and never smokers (see Table 1 ). In addition, women who drank any alcohol had lower levels of Sat2 (Table 1) . Race/ethnicity was not associated with genomic methylation levels ( Table 1) We observed inverse associations between PTS and both LINE-1 and Alu methylation; however, after adjusting for child ETS and adult smoke, the associations were not statistically significant (Fig. 1) . Thus, we focused our modeling on Sat2. Table 2 reports the multivariable linear regression models of PTS and the natural log of Sat2 methylation. In an unadjusted model, PTS was inversely associated with Sat2 methylation, and after adjusting for child ETS, the association became stronger but was still not statistically significant. In models simultaneously adjusted for child ETS and adult smoke exposure, PTS was statistically significantly associated with lower levels of Sat2 methylation [b ¼ À0.19, 95% confidence interval (CI) ¼ À0.376 to À0.004]. Child ETS had a positive, nonstatistically significant association with Sat2 methylation (b ¼ 0.17, 95% CI ¼ À to 0.37). After further adjusting for maternal weight gain, birth order, and infant and childhood growth variables, and alcohol intake, the inverse association with PTS remained (b ¼ À0.22, 95% CI ¼ À0.40 to À0.03). We did not observe an association between adult smoke exposure and Sat2 methylation Adjusted for child ETS, adult smoking status, maternal weight gain during pregnancy, birth order (first, second, third, fourth, or greater), birth length, percentile rank changes in height 0-4 months, 4 months -1 year, 1 year -7 years and alcohol intake at interview. On the basis of log-transformed methylation. 
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Difference in ln(PMR) between prenatal smoke exposed and unexposed Figure 1 . Difference (b) and 95% CI in repetitive element methylation between those exposed to PTS and those not exposed to PTS, New York Women's Birth Cohort. Table 2 . Results from linear regression predicting ln(Sat2) methylation, New York Women's Birth Cohort / 2 pack a day), we observed lower Sat2 methylation levels for both categories compared with no PTS, but there was no statistically significant difference between the 2 categories of PTS (data not shown).
Discussion
Our results support an association between PTS and lower levels of genomic DNA methylation, measured in repetitive elements, in adulthood. Although PTS was associated with lower levels of repetitive element methylation in adjusted models, the association was only statistically significant in Sat2. Thirty-six percent of our sample were exposed to PTS, and whereas the prevalence of maternal smoking during pregnancy is significantly lower today, it remains high with more than 16% of women smoking during pregnancy (22) .
There is mounting evidence to support persistent effects of PTS on DNA methylation throughout life (14) (15) (16) . Only one other study has examined the association between PTS and repetitive element DNA methylation (15) . The study supported an association between PTS and lower levels of Alu methylation in DNA from buccal cells in kindergarten and first-grade children. The authors also reported lower levels of LINE-1 methylation in children who were glutathione S-transferase (GST) M1 null (15) .
We previously assessed the association between early life exposures and genomic DNA methylation in adulthood in the same study population using the methyl acceptor assay to measure genomic DNA methylation (16) and we reported that PTS was associated with higher levels of genomic DNA methylation. We have previously reported large differences in methylation levels by cell type and assay type within individuals, which may explain the conflicting results reported here (21) . There is still some uncertainty about the best assay to measure methylation, and mounting evidence suggests that genomic methylation assays may not all measure the same construct (21) . However, there is evidence that Sat2 methylation is a meaningful marker of risk, as we observed an association between lower levels of Sat2 methylation in white blood cells and breast cancer in another study population (13) and studies have reported that Sat2 demethylation is an early event in breast cancer (23) .
Our overall power to detect statistically significant associations was limited by a relatively small sample of participants who provided blood. In addition, all of the participants who were exposed to PTS were also exposed to child ETS and we were thus unable to disentangle the effects of prenatal smoke and child ETS exposure. Because child ETS was positively associated with Sat2 methylation, this suggests that individuals exposed to only PTS may have even lower levels of Sat2 methylation, although much larger studies are needed to examine discordant patterns in smoking. Our measures of child ETS and adult smoking status were limited to self-report.
Our study has several strengths, in particular that prenatal and child measures, including our measure of PTS, were collected prospectively. PTS was reported prior to the 1964 Surgeon General's report on health consequences of smoking and is thus unlikely to be affected by underreporting bias due to the stigma that has been subsequently attached to smoking during pregnancy. The validity of maternal report of PTS exposure was confirmed in the New England site of the NCPP study with serum cotinine assays for ever/never exposure, although the study supports less accuracy for the number of cigarettes smoked which may partially explain the lack of dose-response seen in our study (24) . Participants who provided blood did not differ significantly from those who did not in key exposures (16) . Finally, we conducted all assays blinded to exposure data, including prenatal smoke exposure, and the assays had a very low coefficient of variation.
These results add to a growing body of literature supporting lifelong effects of prenatal exposures including birth length (16) , lead (25) , and prenatal famine (26, 27) on DNA methylation (28) . If replicated in larger samples, these results suggest that PTS may have persistent effects on selective measures of DNA methylation and thus may provide a potential mechanism linking these early life exposures to adult diseases later in life.
